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ABSTRACT 
Techniques have been devised for studying quantitatively the  effects of air ions 
on  microorganisms suspended  in  small drops.  In  smog-contaminated atmospheres 
moderate concentrations of positive and negative air ions exerted a protective effect 
on staphylococci by delaying the drop in pH customarily observed and by diminishing 
the rate of evaporation. In clean air higher concentrations of positive and negative 
air ions accelerated the rate of death of staphylococci apparently by direct action on 
the cells and by increasing  the rate of evaporation. 
Air ion action in  these experiments did not involve cell  agglutination or direct 
radiation  from  the  radioactive  isotopes  employed. 
INTRODUCTION 
Air ions were first described in 1899 by Wilson (1) and by Elster and Geitel 
(2). Whether or not they exert any biological effects has been the subject of 
considerable  controversy.  Most  of the  tests have been  conducted  on  disease 
processes in human beings and relatively little has been done with animals or 
simpler forms of life such as bacteria. The present paper presents the results of 
the initial phases of a research program undertaken to investigate the effects of 
positive or negative air ions on bacteria and viruses and is concerned altogether 
with one substrate, the K1 strain of M. pyogenes vat. aureus. 
Mogerirds and Methods 
Air  Ion Apparatus.--Three  air  ion generators of  the  type designed  by Skflling 
and Beckett (Fig. 1) or that developed by Beckett and Hicks (Fig.  2) were installed 
in individual  10 ×  12  X  31  inch plywood cabinets, equipped in front with sliding 
glass panels (Fig. 3). A zinc plate on the floor of each cabinet served as a ground, and 
an electrostatic field of 300 volts was maintained between it and the ion source. The 
Po  ~° and H a heads were detachable and could  be plugged into the rectifying circuit 
of any cabinet, as desired. A dummy head was used in the control cabinet. The charge 
* These studies  were  supported by grants from The Wesix Research Foundation 
of  San Francisco and The Board of Research of the University of California. 
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of the emitted ions depended upon the polarity of the rectifier circuit, and could be 
reversed when necessary. 
In experiments that required  100 per cent relative humidity, a  sheet of flexible 
plastic was used to make a waterproof tent that enveloped both the ionizer head and 
the samples. Beakers of water with filter paper wicks were placed inside the tent to 
maintain a saturated atmosphere. 
In  experiments in  which  stirring of  the  samples  was  desired, ms  cnetic micro- 
stirrers were placed inside the cabinets. 
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FIo. 1.  Diagram of Po  ~l° ionizer, a  radiation produces (+) and (-)  ions. Rectify- 
ing circuit removes undesired ions, in this instance (+) ions. 
Microorganisms.--The  K1 strain of M. pyogeues vat. aureus was transferred every 
24 hours to a fresh trypticase soy 2 per cent agar plate. Cultures incubated at 36°C. 
and ranging in age from 12 to 16 hours were used. 
In experiments in which the Po  ~° generator was the air ion source, Kl suspensions 
were made directly from the agar plate. In later experiments employing the tritium 
generator, the cells were washed twice with 0.85 per cent saline before being suspended 
in distilled water. 
Technique of Exposing Bacteria to Air Ions.--By means of mieropipettes, 50 or 100 
lambda samples of the K1 suspension (in distilled water unless otherwise noted) were 
placed in individual porcelain microtitration dishes, the undersurfaces of which had FIG. 2.  I-I  s ionizer. Tritium foil air ionizer, holder, and electrode. The tritium foil 
is protected by a plastic head. 
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FIG.  3.  Plywood  cabinet  arranged  for  exposure  of  microorganisms  to  unipolar 
air ions. 
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been previously treated with a  static eliminator. The sample was placed on the zinc 
plate inside the cabinet under the ionizing head. If the  sample was to be stirred, the 
fine glass rod of the microstirrer was put in place. Then the current in the rectifier 
circuit was turned on and the sample exposed for the desired length of time. 
The samples were allowed to evaporate freely in some experiments. In others, they 
were kept roughly constant by additions of distilled water by micropipette. In a few 
experiments the  volume was kept  constant by maintaining 100  per  cent relative 
humidity within a plastic tent, as described above. 
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FIa. 4.  Ion current probe; designed by J. C. Beckett. 
Volume measurements on evaporating samples were made by drawing up the drop- 
let into a  microburette graduated in lambdas, pH measurements were made with a 
Beckman model G pH meter utilizing the one drop glass electrode. The numbers of 
air ions of either polarity impinging on a given area were determined by means of a 
special probe (Fig. 4)  connected to a  Beckman ultrohmeter. The current produced 
was  read  and was  converted  into ions/cm.2/sec, by substitution in the  equation: 
N  =  I/qA  in which 
I  =  current produced by ions 
q  --  1.6 X  10  --lg coulombs 
A  =  area of probe surface. A. P. ~RITEGER~ R. F. SMITH~ AND  I. G. GO  363 
EXPEI~r~r~.NTAL RESULTS AND  DISCUSSION 
There is no particular reason to anticipate that air ions should exert any de- 
tectable biological  effects.  Certainly  their  composition and  velocities would 
provide no obvious basis for predicting such action: The small air ions consist 
of single ionized molecules about which cluster from 4 to 12 uncharged mole- 
cules and their mobilities are of the order of only 1 to 2 cm./sec./volt/cm., the 
positive ions moving somewhat more slowly than the negative ions. Intermedi- 
ate ions are multiples of a unit cluster composed of approximately 2000 mole- 
cules and may range in size up to some 15 such units; their mobilities are cor- 
respondingly low: from 2 X  10  -z  to  1 X  10  -a cm./see./volt/em. Pollock (3) 
considers very low humidity a condition essential to their formation. 
Despite the lack of a  WioH grounds  for postulating  any action on living 
systems there exists a considerable literature extolling  the therapeutic value of 
negative air ions in disease conditions such as hypertension, hay fever, asthma, 
etc. Dessauer (4), for example,  has done a great deal of work in this field and 
considers that the inhalation of negative air ions will reduce the blood pressure, 
relieve migraine headaches,  and  combat fatigue. Evaluation of many of the 
earlier reports is extremely difficult, first because of the variability encountered 
in the study of a  given morbid process and second because the methods em- 
ployed for the production of air ions are open to criticism.  Thus, high voltage 
brush discharges,  while serving effectively to produce air ions also contribute 
to the atmosphere a variety of by-products such as ozone  and the oxides of 
nitrogen. Again, in much of Dessauer's work finely divided MgO was utilized to 
carry the electric charge  (4). 
The difficulties involved in air ion generation have been largely overcome by 
the  development  of  the  unipolar  polonium  ion  generator  by  Skilling  and 
Beckett (5) and the tritium ion generator by Beckett and Hicks (6). The first 
apparatus  utilizes  alpha  radiation  from polonium  to  ionize  the air  and  the 
second employs beta radiation derived from tritium.  In each unit equal num- 
bers of positive and negative ions are formed and selection  of ions of either 
charge  is  accomplished by collecting  the undesired  ions  on  an  electrode of 
opposite polarity (Fig.  1). While the unwanted ions are being discharged and 
ceasing  to exist in the ionic state the selected ions are driven in the opposite 
direction by the electrostatic force. No adventitious by-products are formed. 
The improved ion generators have been employed in studies on human beings 
and on animals.  Kornblueh and Griffin (7) made a careful study of the effects of 
negative air ions on 27 patients suffering from hay fever, bronchial asthma, and 
related  conditions.  They report favorable results  in  17  of these cases and  a 
repetition of the results during the following year. Winsor (8) is conducting a 
very interesting study of the subjective and objective effects of air ions on the 
upper respiratory tract of human beings. He has observed that positive air ions 364  ACTION  OF  AIR  IONS  ON  BACTERIA.  I 
induce pronounced nasal obstruction, headache,  dryness of the mucous mem- 
branes,  husky voice,  and  dizziness.  Concurrently,  the  maximal  breathing 
capacity is reduced from 35 liters/minute to 25 liters/minute on the average. 
Negative air ions were much less active in bringing  about any of these phe- 
nomena. 
Similarly Yaglou and his colleagues (9) have reported irritation of the upper 
respiratory tract and headaches  accompanying exposure  to positive  air ions. 
Negative  ions  brought  about  relaxation  and  mild  euphoria.  Nielsen  and 
Harper  (10) demonstrated  that  the  succinoxidase  content  of  the  adrenal 
glands of rats maintained in positively ionized air was significantly reduced; 
negatively ionized  air produced a  slight but  insignificant  rise.  Worden  (11) 
found that the CO~-combining power  of  the plasma of young hamsters was 
measurably increased by exposure of the animals to negative air ions. He also 
has noted (12) that the growth rate of selected organs was higher in hamsters 
maintained in an atmosphere containing an excess of negative air ions. The en- 
tire subject of the significance of air ions as an environmental factor has been 
reviewed by Murphy (13), Hicks (14), and more recently by Hicks and Beckett 
(15). 
1.  Studies with the Polonium  (Po  21°) Generator.--Our  first experiments  with 
air ions were in the nature of a survey and for the most part proved disappoint- 
ing. Using the Po  21° generator as an ion source, we looked for any detectable 
effect of positive or negative ions on the growth of staphylococci,  the motility 
and swarming of organisms such as Proteus vulgaris,  the production of strepto- 
coccal hemolysin,  etc.;  the results  were vague and not readily reproducible. 
However, as work went on, it became apparent that under some conditions, air 
ions influenced the death rate of staphylococci and we found that this could best 
be demonstrated under the following circumstances:  (a)  By using droplets  of 
cell suspensions  sufficiently small  to provide  a  high  ratio of surface  area  to 
volume.  (b) By employing non-nutrient fluids; e.g.,  distilled  water as the sus- 
pending  menstruum:  (c)  By  developing  a  technique  suitable  for  handling 
bacteria in small  drops  and for allowing accurate quantitative estimation of 
viable cells in these drops.  For this purpose  the equipment and methods of 
microchemistry were adapted to bacteriological requirements. 
Inadvertently all our early tests were conducted in atmospheres  containing 
varying concentrations  of smog. While the experiments in consequence are not 
well controlled  the data have been included  to emphasize the extent to which 
air pollutants can modify the results obtained. 
Almost all the early experiments with air ions were performed by exposing to 
their action 100 lambda droplets of distilled water in which were suspended ap- 
proximately 3 X  106 staphylococci. In these small drops death of cells normally 
(non-ionized controls) proceeds at an appreciably higher rate than is observed in 
volumes ranging from 5 to 10 ml. (Fig. 5). The die-away parallels a fall in pH S.o 
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FIo. 5.  Survival of staphylococci in  10 m]. and  100 lambda  aliquots of distilled 
water. Free evaporation occurring; B0 ffi  1.8  X  10  T  cells/ml.; smog present. 
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FIG. 6. pH and Eb shift in 10 ml. and 100 lambda aliquots of distilled water con- 
talnlng  1.8  X  107 staphylococci/ml. Free evaporation occurring in smoggy atmos- 
phere. 
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from somewhat over 7 to values between 4 and 5 and a  corresponding rise in 
Eh (Fig. 6). This is considerably more than can be ascribed to the absorption of 
COs; unidentified smog constituents appear to be responsible for much of the 
effect. There was considerable variation in the rate of fall of pH from day to day 
and in the rate of cell death (see controls in Figs. 7 and 8). 
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FIO. 7.  Effect of negative air  ions  on survival  of staphylococci  in I00 hmbda 
evaporating drop. Po  ~a° ionizer  ---> I  X  I0  s ions/cm.a/sec,  at 7.5 cm. R.H.  58 per 
cent; smog present. 
When  evaporation  of  100  lambda  droplets  of  distilled  water  containing 
staphylococci proceeded in the presence of negative or positive air ions the death 
rate curve was flatter. Here again, fluctuations occurred from day to day; at 
times the protective effect of air ions was marked as in Fig. 8 and on other 
occasions the effect was measurable but not impressive (Fig. 7). The charge of 
the ion seemed to have no clear-cut relation to the degree of protection afforded. 
The numbers of air ions impinging on  1 cm?/sec, were measured with  the 
Beckett probe (Fig. 4) and Beckman micromicroammeter. The average value 
for these experiments was  1  >(  10  s ions/cm.2/sec. A.  P.  KI~UEGER~  R.  ]~.  SMITH~  AND  I.  G.  GO  367 
Measurements of pH  were  made  during  the  evaporation of  100  lambda 
droplets of staphylococci suspended in distilled water and exposed to air ions. 
Both positive and negative air ions had a pronounced effect in delaying the fall 
in pH and also limited its extent (Fig. 9). Measurements of Eh paralleled the 
pH values. 
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FIG. 8. Effect of positive air ions on survival of staphylococci in 100 lambda evapo- 
rating drop. Po  m° ionizer -~ 1 X  108 ions/cm.t/sec,  at 7.5 cm. R.H. 50 per cent; smog 
present. 
The rate of evaporation of the 100 lambda droplets varied, of course, with the 
condition of the ambient air but, regardless of evaporation rate in the non- 
ionized  controls,  positive  and  negative  air  ions  appreciably  retarded  this 
process (Fig. 10). The reduction in rate of evaporation may depend upon the 
continuous formation of large ions (Langevin ions) through the action of small 
ions on soluble substances normally present in industrial smokes (16).  Such 
large ions are much more abundant in urban than in rural areas and are known 368  ACTION  O1  ~  AIR  IONS  ON  BACTERIA.  I 
to serve as centers of condensation for water vapor present in the air.  This 
mechanism could well account for the observed  reduction in rate of  evapo- 
ration. 
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FIO. 9.  Effect of air ions on pH and Eh shifts in 100 lambda evaporating drops 
containing staphylococci.  Po  ~° ionizer  --~ 1  ×  10  s ions/cm.~/sec,  at 7.5 cm.  R.H. 
54 per cent; smog present. 
To determine whether air ions have any effect on staphylococci when the 
volume and  pH  of  the  droplet  are  fixed,  a  constant  volume chamber  was 
devised. This consisted of a plastic canopy enclosing the ionizer-head, the test 
droplets, and 4 beakers of distilled water with filter paper  wicks  for mainte- 
nance of high humidity. The relative humidity remained very close of 100 per 
cent and the volume of 100 lambda samples did not vary more than 3 lambdas 
in the 4 hour experimental period; the pH remained above 7. Since there was no 
danger of solutes becoming concentrated by evaporation of the droplet, physi- 
ological saline solution was used in some of the experiments and distilled water Fluid  remaining 
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FzG. 10.  Effect of air ions on rate of evaporation from 100 lambda drops contain- 
ing staphylococci. Po  ~0 ionizer -~  1  ×  108  ions/cmY/sec,  at 7.5  cm.  R.tt.  80 per 
cent; smog present. 
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FzG. 11.  Absence of air ion effects on survival of staphylococci in 100 lambda drops 
exposed to atmosphere saturated with water vapor. Po  ~° ionizer -~ 1  ×  10  B ions/ 
cmY/sec, at 7.5 cm. R,H.  100 per cent; no smog present. 
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in others.  Under these  circumstances,  neither negative ions nor positive ions 
exerted any appreciable  effect on the rate of cell death (Fig.  11), pH, or Eh 
(Fig. 12). The significant features of these experiments are (a) The exclusion of 
air pollutants; (b) the presence in the atmosphere of a large amount of water 
vapor. 
The lack of smog  constituents no  doubt  accounts  for the failure of the 
droplets to display the usual acid shift. Instead of the air ions generated by al- 
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Fzo. 12.  Absence of acid shift in 100 lambda drops contalnln~ staphylococci  ex- 
posed to atmosphere saturated with water vapor. No smog present. 
pha  radiation from the Po  ~° acting on soluble  substances derived from in- 
dustrial smoke, they probably encounter water molecules which are known to 
be easily polarized  and the resultant molecular  duster will consist  largely of 
water molecules. 
The dependence of air ion effects elicited in these experiments upon the nature 
of the particular air contaminants present is demonstrated in the results with 
cigarette smoke. As shown in Fig. 13, moderate concentrations of positive or 
negative air ions produced by the Po  ~° unit, have little effect upon staphylo- 
cocci suspended in droplets of distilled water which are permitted to evaporate 
in a clean atmosphere.  However,  when air is kept slightly hazy with cigarette 
smoke, both ions produce an increase in the rate of death (Fig. 14). In such an A.  P.  KREEGER,  R.  1~.  SMITH,  AND  I.  G.  GO  371 
atmosphere, the numbers of small ions reaching the surface of the droplet show 
a  sharp drop,  for they have the property of attaching  themselves to  smoke 
constituents and forming large ions. While the latter are less mobile than small 
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FIG. 13.  Absence  of air ion  effects  on  staphylococci in  50  lambda  evaporating 
drops. R.H. 36 per cent; no smog present. Po  me ionizer  -* 1 ×  108 ions/em.i/sec, at 
7.5 cm. 
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Fro. 14.  Lethal  effects of  air  ions  on  staphylococci in  50  lambda evaporating 
drops in presence of cigarette smoke. Po  n°  ~  1 ×  10  s ions/cm;/sec. R.H. 44 per 
cent. 
ions, it is conceivable that they are toxic and dissolve in the drop of water in 
sufficient quantities to affect the suspended bacteria. Whatever toxicity they 
possess would be augmented by the increase in concentration occurring during 
evaporation of the droplet. 
2.  Studies witk t~  Tritium  (tP) Generalor.--The second set of experiments 372  ACTION  OF  AIR  IONS  ON  BACTERIA.  I 
reported in this paper differs in certain important respects from the first series: 
(a) ~  ion generators were used and gave values ~  1 X  109 ions/cm.S/sec, at 
the distance employed. In contrast, the Po  ~1° generators (set at slightly greater 
distances) produced only 1 X  l0  s ions/cm.2/sec. (b) The cells were washed in 
physiological saline solution. (c) No demonstrable air pollutants were present. 
In addition, we found that this type of work could be done with droplets of 
50 lambdas or less,  so the volumes used in this series were 50 lambdas,  7.6 
lambdas,  or  3.8  lambdas.  Under  these  circumstances  the  rate  of  death  of 
staphylococci suspended  in  50  lambda  droplets  of  distilled  water  was  ap- 
preciably less than that observed in the earlier experiments and exposure to air 
ions increased the rate of death in evaporating droplets (Figs. 15a, 15b, and 15c). 
These same figures indicate the degree of variation observed in consecutive 
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FIG. 15 a 
FIO. 15a, b, and c. Lethal effects of air ions on staphylocococci inS0 lambda evapo- 
rating drops. No mog present. H s ionizer --, 1.6 ×  109 ions/cm.~/sec, at 4 cm. R.H.: 
Fig. 15 a, 91 per cent; Fig. 15 b, 48 per cent; Fig. 15 c, 47 per cent. A.  P.  KRUEGER~  R.  F.  SMITH~ AND  I.  G.  GO 
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experiments. The downward drift of pH was slow andmoderate and there was no 
significant difference between pH values of the control and ionized droplets. 
The rate of evaporation from the droplets was materially increased by air 
ions (Fig. 16). This seems to be a reasonable consequence of air ion action, for 
the motion of air ions in a  charged field actually constitutes an electrostatic 
lO0 
9O 
$0 
50 
6"} Ions  6"m H 
¢on|rol 
0  1  2  ~  4  5 
HOURS 
FIG. 16.  Increase in rate of evaporation due to air ions acting on 100 lambda drops 
containing staphylococci. H 3 ionizer  ~  1.6  ×  109 ions/cm.2/sec,  at 4 cm. R.H.  78 
per cent; no smog present. 
wind and one might expect an increase of kinetic energy of the water molecules 
present at the air-water interface. 
As the distance from the foil to surface of the evaporating droplets was in- 
creased from 4  to 8 can.  the effectiveness of the air ions in increasing rate of 
death was diminished  (Fig.  17).  At 16 cra. there was no observable difference 
between  the control  and ionized preparations  (Fig.  18).  Measurement of the 
number of air ions impinging on a given surface area each second indicates the 
reason for these results: at 4 crn. distance 1.6  ×  10  ~ air ions/sec, reached each A.  P.  K.RIYEGER~ R.  F.  SMITH~ AND  I.  G.  GO  375 
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Fxo. 17.  Reduction of air ion effects with distance. H 8 ionizer ~  2.5  ×  l(~ ions/ 
cm.~/sec, at 8 cm, R.H. 50 per cent; no smog present. 
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FzG. 18. Absence of air ion effects at 16 cm. H 8 ionizer used --* 5  ×  10  ~ air ions/ 
cm.l/sec, at 16 cm. R.H. = 41 per cent; no smog present. 376  ACTION  OF  AIR  IONS  ON  BACTERIA.  I 
cm  2. exposed; at 8 cm. the figure becomes approximately 2.5  X  10  s air ions/ 
cm.2/sec., and at 16 cm. it is about 5 X  10  e air ions/cm.~/sec. (Fig. 19). 
Increasing the voltage from ionizer to ground does not enhance the effect of 
air ions on staphylococci; this is consonant with the air ion yields obtained by 
varying the voltage of the rectifying circuit  (Fig.  20). 
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FIG. 19.  Variation of rate of air ion impact with distance of ionizer from experi- 
mental surface. H 3 ionizer used in smog-free air. Measurements made with Beckett 
probe and Beckman ultrohmeter. R.H.  -- 47 per cent. 
It  is  important  to  know  whether  beta  radiation  emanating  from  tritium 
could act directly on the cocci rather than through the mediation of ions pro- 
duced in transit through the air. Tritium is a pure beta-emitter with half-life 
of about  12 years and the energy of irradiation is 0.015 mev. In  general  the 
range of beta radiation is independent of the chemical nature of the absorber 
provided the range is measured as mass of material traversed rather than actual 
distance. According to Glasser (17) the approximate range for this intensity is 
ca.  0.002 gm./cm  2. Air has a  density of 1.2 mg./mh Therefore 2  X  10  -3 gin./ 
cm.2/1.2  X  10-  3. gm./cm  s =  1.7 cm. maximal range.  The standard distance 
of 4  cm. between foil and fluid surface used in our experiments allows a  safety 
factor su~icient to insure that no direct effects of beta radiation play a  role. A. P. KRIIEGER~  R. F. SMITH,  AND  I. G. G0  377 
Po  21° is an alpha-emitter with a half-life of 140 days and the energy of radi- 
ation  is  approximately 5.3 mev. The maximal range for alpha radiation de- 
rived from Po  m° was calculated to be 3.2 cm. of air (18). The standard  experi- 
mental  distance  from  foil  to  water  surface  was  7.5  cm.,  allowing  an ade- 
quate safety factor. 
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Fzo. 20. Variation of rate of air ion impact with voltage of rectifying circuit. H 3 
ionizer used in smog-free air. Measurements made with Beckett probe and Beckman 
ultrohmeter. R.H.  -- 51 per cent. 
Under the conditions prevailing in the H 3 experiments, it would appear that 
the air ions acted directly on the cells rather than through the mediation of air 
pollutants, for no pollutants were detected in the atmosphere. If this premise is 
correct, stirring the droplet should promote the lethal effect. This point was 
tested by performing a number of experiments in which the total volume of the 
droplet was kept constant through addition of distilled water at intervals and 
exposure of the suspended cocci was accomplished by stirring the droplets with 
fine glass rods mounted in small vibrators. In all these experiments the stirred 
preparations  exhibited  considerable  increases  in  the  rate  of die-away  when 
positive or negative air ions were present (Fig. 21). Stirring did not significantly 378  ACTION  OF  AIR  IONS  ON  BACTERIA.  I 
affect the stability of the non-ionized controls nor was there any measurable 
loss of cells ascribable to air ion action in non-stirred controls. 
In common with other instances of damage to cells, e.g. that caused by ultra- 
violet light, the effects of treatment with negative air ions are reversed by ex- 
posure to intense light of the visible spectrum (Fig. 22). 
The H 8 ionizers were also used with plastic canopies within which the at- 
mosphere was maintained at 100 per cent relative humidity in order to main- 
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,~  FIG.  21.  Effect of stirring on lethal action of air ions on staphylococci in 50 lambda 
drops.  Volume kept constant by additions of distilled  water at times indicated by 
arrows. H 8 ionizer used -* 1.6 ×  10  ~ air ions/cm.~/sec, at 4 cm. R.H.  =  40 per cent; 
no smog present. 
tain constant volume of exposed droplets. As might he expected, unstirred 50 
lambda droplets containing staphyloccocci showed no detectable effect of air 
ions on viability of cells (Fig. 23). On the remote chance that air ion effects at 
I00 per cent R.H. could be detected by using much smaller droplets we per- 
formed a  series of experiments with volumes measuring  7.6 lambdas and 3.8 
lambdas. Fig. 24 is representative of the results in general and indicates only the 
accuracy with which viable cell counts can be made on small droplets of cell 
suspensions; in none of the experiments were there any indications of effects due 
to air ions. 
We have considered the possibility that  the effects measured in these ex- 
periments might be due to agglomeration of cells.  If this were true, any per- 
centage of cells could remain alive and still give the effect of death, for each A. P. KRUEGER~ R. Y.  $MITH~ AND I. G. GO  379 
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FIG. 22. Photorcactivation  of staphylococci after treatment with negative ions. 
Air ion exposure conducted in diffuse  daylight and followed by 0.5 hour exposure to 
intense visible  light.  H= ionizer  used --~  1.6 X  I0  m  air ions/cm.Vsec,  at 4 cm. 
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FTG. 23.  Absence of action of air ions on unstirred 50 lambda drops of staphylo- 
cocci maintained in atmosphere saturated with water vapor. H ~  ionizer used; no smog 
present. 380  ACTION OF AIR IONS ON  BACTERIA. I 
aggregate would produce only one colony and the degree of lethal action simu- 
lated would depend merely on the average number of cells in the clusters. 
In the tritium experiments, agglutination cannot be invoked to explain the 
observed results because (a) Microscopic examination of ion-treated droplets 
reveals no clumps of cells. This is not such convincing evidence as might appear, 
for often the suspensions employed were not dense and agglutinated cells in 
numbers sufficient to influence the plate counts could be missed. (b) The lethal 
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FIo. 24.  Absence of action of air ions on unstirred 7.6 lambda drops of staphy- 
lococci maintained in atmosphere  saturated with water vapor. I-I  s ionizer used; no 
smog present. 
effect is reversed by intense light of the visible spectrum; this is typical of many 
instances of cell damage, e.g. that produced by ultraviolet light, but does not 
occur in cases of simple agglutination. (c) The time periods required to induce 
the lethal effect in light suspensions are less than the minimal times for aggluti- 
nation predicted by the yon Smoluchowski equation. According to von Smolu- 
chowski (19) 
I  =  ~IrD2rVo 
in which t =  time in seconds 
r  =  radius of particle 
110 =  number of particles/ml. 
and D  =  RT/N. 1/6 wrrr, the Einstein equation for the diffusion coefficient 
(20). A.  P.  KRUEGER,  R.  F.  SMITH~ AND  I.  G.  GO  381 
For the case in question, t  =  approximately 1.8 X  10n/V0. 
When the experiments were performed with light suspensions of cocci,  the 
observed values of t for 90 per cent loss were much less  than the calculated 
minimal  times  required  for  agglutination  and  the  observed  I's  applied  to 
droplets from which insufficient loss of water by evaporation had occurred to 
change V0 significantly. 
For example, to obtain a 90 per cent loss by agglutination with Vo --  2  X 
106, the calculated minimal elapsed time is 25 hours while the observed time is 
1.8  hours.  This  relationship  does  not hold for  denser  suspensions;  thus  at 
V0  --  5  X  109, there is no detectable experimental loss  after 6 hours of ex- 
posure to negative air ions while according to the yon Smoluchowski equation, 
agglutination could occur in as little as 0.1 hour. 
Between these extremes of initial cell concentrations, the calculated times 
agree fairly well with the observed values. But this likely is fortuitous and does 
not refute the more critical evidence supplied by the lighter cell suspensions. 
We wish to express our sincere thanks to W. W. Hicks and J. C. Beckett for their 
continued interest in this program and for their helpful suggestions. 
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